Abstract. We investigated the number, distribution and human-caused mortality of wolves in western Poland during different management regimes. During intensive eradication at least 49 wolves were exterminated (on average 2.6 wolves per year), and the species was reported in up to 4 forests per year (mean 1.7), but most of the family groups bred only once before being killed. Under hunting management wolves were recorded in 1-4 forests per year (mean 3.1). Most of them did not breed or bred only once before they were harvested in the first year after detection. During this time period at least 70 individuals were harvested (on average 3.0 wolves per year). After the wolf became a protected species in 1998, the number of wolf groups increased to 30 in winter 2012/2013, while the number of forests inhabited by wolves increased to 14. Our study provides further confirmation that recreational hunting conducted in populations of wolves living far from a source of immigrants, in areas heavily altered by humans, where access by hunters to the most distant refuges is enabled by a dense network of forest roads, has a detrimental impact on wolf survival comparable to the effects of systematic eradication. We recommend that management plans for such subpopulations should be preceded by careful analysis of population viability and connectivity with source populations.
Introduction
Management strategies for the wolf (Canis lupus Linnaeus, 1758) vary considerably -from total persecution, to strict protection -across its vast range in the Northern Hemisphere (Boitani, 2003) . After decades of intentional killing, which in many cases led to the complete eradication of the species, conservation regimes were tightened. The implementation of new legislations (e.g. Bern Convention, EU Habitats Directive, US Endangered Species Act), which limited wolf hunting, resulted in the recovery of the species in large parts of Europe (Chapron et al., 2014) and Northern America (Ripple et al., 2014) .
Annual wolf population growth rates are usually high in newly recolonized areas, or regions where heavy harvest is stopped (Wydeven et al., 1995; Pletscher et al., 1997; Wabakken et al., 2001 ). Thus, wolves may rebound quickly if there is a source of immigrants nearby (Hayes and Harestad, 2000) , even in areas with relatively high human density . Although the presence of large carnivores may be beneficial for preservation of biodiversity and maintenance of ecosystem functions and services (Duffield et al., 2008; Ripple et al., 2014; Kuijper et al., 2015) , there is also the apprehension that the species will expand into human-altered environments (e.g. agricultural or urbanized), which may increase human-predator conflicts (Mech, 1995) . Therefore, lethal control has been suggested as a remedy to limit wolf damage to livestock and pets (Boitani, 2003) .
Wolf populations may be numerically stable even if human-caused mortality exceeds 30% annually (Fuller et al., 2003) . Such 'stability' is usually maintained by the immigration of individuals from surrounding populations or by the high reproductive rate of wolf parental pairs, which form the core of family groups (Fuller, 1989 ; Ballard et al., 1997; Larivière et al., 2000) . Nonetheless, harvesting has a profoundly negative effect on the socio-spatial organization of wolf populations (Rich et al., 2012; Bryan et al., 2014) , and the killing of breeding individuals often leads to pack dissolution (Brainerd et al., 2008; Borg et al., 2015) . These consequences are particularly important in regions far from sources of immigrants, where the absence of suitable mates in a population may lead to extinction due to Allee effects (Stenglein and van Deelen, 2016) .
In Poland during the twentieth century wolves were never totally extirpated even though human pressure on them was very high. For example, in eastern Poland (hereinafter EPL) and the Carpathian Mountains, in winter hunting season 1951/52 wolf number was estimated on 820 wolves, 156 wolves were shot, and 46 pups were removed from natal dens in summer 1952 (Kowalski, 1953) . In spite of these efforts the wolf population was still estimated by hunters to be over 1,000 individuals in early 1953, and the species' range expanded in EPL, several wolves were also observed in the central and western parts of the country (Kowalski, 1953) . Therefore, the Polish government, pressed by hunters, introduced a nation-wide wolf eradication programme in the mid-1950s (Okarma, 1993) .
Deliberate persecution by removal of litters, poisoning, intense hunting with guns and fladry and high bounties amounting an average monthly salary resulted in 3,316 wolves killed (on average 184 animals per year, with the highest number 425 kills in 1956 and 1958 and the lowest number 59 kills in 1971) in the whole of Poland between 1954-1972. This caused a significant decline in the population, to about 60 wolves in 1972 (Sumiński, 1975) . The species' range shrank so much that even single wolves were no longer observed in western and central Poland, while some survivors were recorded in several forests of the easternmost part of the country, near the state borders with Russia (Kaliningrad District), Lithuania, Belarus and Ukraine, and in the eastern part of the Carpathian Mountains (Wolsan et al., 1992) . The eradication programme was finally terminated in the mid-1970s.
In 1975 the wolf was re-included on the game list, and at the end of 1981 a four month closed season (from April 1 to July 31) was introduced across the country. Over the next 23 years of hunting management ca. 2,200 wolves were killed (on average 94 individuals per year) by hunters, mainly in EPL and the Carpathians (compiled data of the Polish Central Statistical Office and the Research Station of the Polish Hunting Association). During the initial eleven years of harvesting the species' range increased in EPL and the Carpathian Mts., and the number of wolves grew to a maximum of 960 individuals in 1986, but subsequently decreased to about 850 wolves in 1994. However, wolves were still very rare in western Poland (hereinafter WPL) (Sumiński, 1973; Okarma, 1989 Okarma, , 1993 .
In 1998, after a long-term conservation campaign led by non-governmental organisations, wolves became strictly protected across the whole country (Mysłajek and Nowak, 2015) , and in the mid-2000s they begun to re-settle the vast lowland forests of WPL Nowak and Mysłajek, 2016) . The re-colonisation started from jump dispersal, which allowed wolves to establish packs far (376 ± 106.5 km) from the source population in EPL (Czarnomska et al., 2013; Nowak and Mysłajek, 2016) .
In this study we compared the number and distribution of wolves in WPL during intensive persecution and hunting management , with the wolf population's status after introduction of strict protection in 1998. We hypothesized that in areas distant to a source of immigrants and heavily altered by humans, intensive hunting management has a detrimental impact on wolf numbers comparable to the effects of systematic eradication.
Material and Methods

Study area
Data on wolf presence after the Second World War were collected for the whole lowland part of WPL, from 18°48' E in the east to the Polish-German border in the west (14°07' E), and from 50°00' N in the south to 54°17' N in the north (Fig. 1) . The total study area covered 136,000 km 2 . The region is located in the temperate climate zone, but with an oceanic character, where the mean annual temperature is 7.9-9.3°C (-1.1 to 0.6°C in January, 18.1 to 19.5°C in July). Forest cover increased in Poland from 21% in 1946 to 29% in 2012, although it has always been higher in WPL (32% in 2012) (Zajączkowski et al., 2015 These forests are administered by 430 forest districts (so-called "nadleśnictwo"), with an average area of 175 km 2 . Each forest district is divided into a grid: squares (approx. 500×500 m) or rectangles (approx. 300×700 m) of 10-35 hectares, which are the basic units for forest management. This grid is especially old and regular in WPL, where the German model of forest management was introduced long before the Second World War. Between compartments there is dense network of logging roads and pathways (3-10 m wide, mean density 3.9 km/km 2 ). There is also an irregular network of main forest roads (mean 2.5 km/km 2 ), some with a hard surface (mean 0.4 km/km 2 ) (Piekutkin et al., 2015). All forests and other lands (also private properties) in Poland outside of national parks and human settlements are divided into about 4,700 hunting grounds with a mean area of 5,400 hectares. These are leased by the Polish government on a longterm basis to ca. 2,500 hunting clubs belonging to the Polish Hunting Association (PHA, with ca. 120,000 members) or are managed by local forest districts (Central Statistical Office, 2016). Most forest roads are closed to public traffic, but hunters from the PHA clubs that rent local hunting grounds can use them without limits. Hunters can also construct numerous hunting towers, feeders, water ponds and bait sites along roads and within forest compartments. The spatial division, dense forest road network and hunting constructions make the lowland forests (especially in WPL) accessible to cars and other vehicles and well-designed to hunt game species.
All wild-living animals, including game species, are state-owned in Poland. 
Data collection and analysis
We obtained data about wolf presence in the lowland part of WPL for three periods: (1) the wolf eradication period , when wolves were persecuted and killed by all available means (fireguns, poison, traps, removal of litters, hunts with fladry, beaters or dogs), on the basis of well managed long-term action organised and financed by the Polish government and supported by the State Forests; (2) hunting management when wolves regardless of age and sex where shot with guns by hunters from the PHU, in individual hunts (from concealment or hunting towers), during group hunts with beaters and fladry or driven hunts with dogs, to reduce their number and obtain trophies; and (3) strict protection (1998-2012), when killing wolves was forbidden and culls were permitted only under derogations issued by the Minister of Environment or the General Director for Environmental Protection.
Because wolf censuses performed by hunters can lead to overestimation of wolf population size (Okarma, 1989 ), we did not attempt to extract from hunting reports the numbers of wolves that occurred annually in WPL between 1951-1997. Instead, we obtained the distribution and number of wolf groups (≥2), as well as the mortality of wolves in WPL in years of wolf eradication and hunting management based on all http://www.aloki.hu • Treichel and Wessel (1993) . For both periods, we obtained additional data from local hunters and foresters. We also used information from articles, reports and tabulations published in 1951-1998 in Polish hunting magazines. The same sources were used to extract the numbers of wolves killed in the whole of Poland in 1954-1997. Data about the number of wolf packs and wolf mortality in WPL for 1998-2012 were obtained from Jędrzejewski et al. (2002) and Nowak and Mysłajek (2016) .
We entered all the collected information from 1951 to 1997 into a database and tagged the recorded wolf locations with geographic coordinates to create digital layers that were later analysed with GIS software (MapInfo Professional 10.5, MapInfo Corp., USA). We attempted to estimate the number of forests occupied by wolves in particular years. To estimate the distribution and minimum number of wolf groups (≥2) in WPL we searched for records about the presence (direct observation, tracks) or death of ≥2 wolves in an area, and evidence of wolf reproduction (e.g. the sighting or killing of pregnant or lactating females and pups, found wolf dens, reports about removed litters). We drew a circle with a radius of 8 km around every recorded wolf reproduction, which is equivalent to an area of about 200 km 2 -the average size (MCP95%) of a wolf territory in Poland (Jędrzejewski et al., 2007 (Jędrzejewski et al., , 2008 . Evidence of the presence or death of more than one wolf in an area was also enclosed in circles referring to the mean wolf territory size. From hunting reports and applications for wolf bounties we extracted the numbers of wolves shot in various forests during each year.
Results
After the Second World War, the first wolf reproduction in the lowland part of WPL was recorded in 1951 (the Notec Forest, area no 9, Fig. 1 ). In 1951-1974 -shortly before, and during the wolf eradication period -wolf presence was reported in up to 4 forest tracts per year (mean 1.7, SE=1.1). They were primarily loners or nonreproductive pairs. Moreover, even though these forests are large enough to host from 3 to 7 wolf packs, there was never any more than one wolf group consisting of ≥2 wolves in each. During 1956-1974 (a period from which more detailed data are available) the number of wolf groups in WPL varied annually from 0 to 3 (Fig. 3) . In this period, wolf groups were recorded 14 times (on average 0.7 wolf groups/year, SE=0.65), while reproduction was recorded only 6 times (on average 0. [1956] [1957] [1958] [1959] [1960] [1961] [1962] [1963] [1964] [1965] [1966] [1967] [1968] [1969] [1970] [1971] [1972] [1973] [1974] , and hunting management Most of the groups bred only once and were then eradicated. In one area (the Walcz Forest, area no 6 in Fig. 1 ), wolf presence was confirmed over four consecutive years (1965) (1966) (1967) (1968) ; wolves reproduced there twice (Fig. 2) , but with a four year delay in between. Non-reproductive pairs or loners were killed soon after being detected in WPL. In total, in the whole lowland part of WPL, at least 49 wolves (including 39 adults) were exterminated between 1956 and1974, on average 2.6 wolves/year (range 0-9, SE=0.58).
Among 49 killed individuals, gender was recorded for 22 males and 10 females, and the sex ratio was greatly male-biased compared to normal (χ 2 =7.49, df=1, p=0.01). The highest number of wolves killed was in 1961 (9 animals) and 1962 (7 animals) (Fig. 3) . This was primarily the eradication of resident breeding packs in the Tuchola and Walcz Forests (area no 4 and 6 in Fig. 1, Fig. 2 ). During the wolf eradication period in EPL the highest numbers of wolves killed were 425 (in 1956 and 1958) (Fig. 4) . The last wolf (a yearling -the only survivor from a pack) in WPL was shot in early 1975 in the Rzepin Forest (area no 13 in Fig. 1) .
From 1975 to 1980 only a few vagrants were spotted in WPL. In 1981 two wolves were shot by hunters in two places distant from each other, while in 1982 one animal was hit by a car, three wolves were killed by hunters, and the first breeding group was recorded close to the Polish-German border (Lubsko Forest, area no 14, Fig. 1 and 2) . Between 1981 and 1997 wolves (loners or groups) were present in one to four forests per year (mean 3.1, SE=0.28), but no more than one group occurred per forest tract. Annually in WPL, there were on average 1.6 groups (range 0-4, SE=0.24) present, but with less than one reproduction (range 0-2, SE=0.17). Most of these groups did not breed or bred only once and were harvested in the first year after detection. Longer persistence (from 2 to 8 years) was recorded in only three packs. The longest periods of successive reproduction in the same pack territory were 7 (1984-1990, Notec Forest, area no 9 in Fig. 1 ) and 5 years (1987-1992, Sarbia Forest, area no 10 in Fig. 1, Fig. 2) . From 1975 until 1997, in total 70 wolves were harvested in WPL, on average 3.0 wolves per year (range 0-12, SE=0.63) (Fig. 3) . In eastern Poland, the highest number of wolves killed over one hunting season was 208 individuals (in 1987), while in WPL it was 12 (in 1990) (Fig. 4) . Wolves in WPL were mainly shot in the Notec, and Sarbia forests (areas no 9 and 10, Fig. 1 ), where most individuals from two breeding groups were removed (Fig. 2) . Among 20 adult wolves of known sex that were killed over several years in these two adjacent forests, there were 14 males and 6 females (70% and 30% respectively). In the whole of WPL among 32 harvested wolves of known sex there were 25 males (78%) and 7 females (22%), which greatly differs from the normal sex ratio (χ 2 =17.014, df=1, p<0.001). Although wolves have been protected in WPL from 1995, at least two individuals were shot illegally in the region up to 1998.
The mean annual number of wolves killed by humans during the periods of eradication (1956) (1957) (1958) (1959) (1960) (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (Fig. 3 ), 65% were killed by vehicles, 25% were poached, 7% died of natural causes and the reasons for rest of the mortality remains unknown. The sex ratio of dead individuals (52% males and 48% females) did not deviate from 1:1 ratio. 
Discussion
Our analysis of historical data revealed that there was no substantial difference in the population status of wolves in WPL during the wolf eradication (1956) (1957) (1958) (1959) (1960) (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) and hunting management period : in both periods wolf groups in WPL were scarce, from 0 to 3, and from 0 to 4 groups annually, respectively, and wolves rarely reproduced. In contrast, in EPL wolves were abundant most of the time, which is strongly confirmed by the high wolf harvests (ca. 3,300 in 1956-1974 and ca. 2,080 in 1975-1997) in this region (Sumiński 1975 ; compiled data of the Polish Central Statistical Office and the Research Station of the Polish Hunting Association). In 1998 wolves became strictly protected throughout Poland, and after a delay of several years they started to re-settle WPL with a high rate of population growth, reaching 30 groups in 2012 (Nowak and Mysłajek, 2016) .
After the decline of the wolf population to about 60 individuals in 1972, the inclusion of the wolf on the game species list in 1975 (with a four month closed season widely introduced at the end of 1981) was expected by scientists and hunters to be the best way to extend the range and number of this predator throughout Poland (Sumiński, 1973 (Sumiński, , 1975 . However, this only occurred in EPL and the Carpathian Mountains (Okarma, 1989 (Okarma, , 1993 Jędrzejewska et al., 1996) . There was no significant growth of the wolf population in WPL during the hunting management period. The large disparity between the numbers of wolves harvested in the eastern (together with the Carpathians) and western parts of the country (Fig. 4.) shows that wolves were much more abundant in EPL even though they were subjected to immense human pressure. At that time the wolf skull and skin were valuable trophies for hunters throughout the country (Okarma, 1993; Pielowski et. al., 1993) .
The deliberate persecution driven by human hostility and fear, competition with hunters for game animals, and damage to livestock resulted in the wolf disappearance from most of western and central Europe in the 19 th and 20 th centuries (Boitani, 2003) . However, in many regions, such as south-western Europe, wolf decline was also mediated by substantial deterioration of natural habitats including deforestation, habitats fragmentation and isolation, as well as a rapid decline in wild ungulates (Meriggi et al., 1991; Boitaini, 1992; Fernández and de Azua, 2010) . Shortly after the Second World War, red deer were present in WPL, and extinct in EPL. Translocation of over one thousand red deer in the mid 1950s from western to eastern Poland allowed successful recovery of the species (Niedziałkowska et al., 2012) . However, densities of red deer were still three-fold higher in western than in eastern Poland (mean 4 indiv./10 km 2 in WPL versus 1.5 indiv./10 km 2 in EPL, in 1981-2004), as were the densities of two other native wild ungulates (roe deer and wild boar) (Pucek et al., 1975; Pielowski et al., 1993; Grabińska, 2007 ) -together these species comprise most of the wolf diet in Poland (Jędrzejewski et al., 2012) . Because hunter surveys underestimate numbers of ungulates, the actual densities in WPL were most likely much higher than stated in the official data (Pucek et al., 1975 ). This was confirmed in studies using different survey methods, including chase and nocturnal counts in spotlights, to count red deer in two forests of WPL. These showed that densities of this ungulate were extremely high, varying from 61 to 136 indiv/10 km 2 (Pucek et al., 1975; Dieciołowski et al., 1995) . The large number of red deer harvested annually in WPL (mean 10.6 indiv./10 km 2 in 1991) also indicates that densities of this potential wolf prey were high in this region (Pielowski et al., 1993 The density of public hard-surface roads which is considered as limiting the wolf presence is >0.6 km/km 2 (Thiel, 1985) . This allows human access to wolf habitats and increases road mortality (Mech, 1988; Mech et al., 1989; Jędrzejewski et al., 2004 Jędrzejewski et al., , 2005 . Nevertheless, an analysis of variables connected with wolf distribution in Galicia (N Spain) revealed that wolves, when legally protected and with free access to safe refuges, can survive in areas with remarkably high densities of paved roads (up to 3.7 km/km 2 ) (Llaneza et al., 2012) . In the whole of Poland, the density of hard-surface roads increased from 0. This shows that a lack of suitable habitats, human density and the dense public road network could not be a reason for the scarcity of wolves in WPL during the hunting management period. Even now, after decades of human infrastructure development, a habitat suitability model has revealed that there are plenty of good habitats for wolves in WPL (39,000 km 2 , 63% of all habitats available in the country), which could host up to 790 wolves (Jędrzejewski et al., 2008) . These habitats are quite well connected by network of ecological corridors which allow dispersal of wolves between EPL and WPL, in both directions (Jędrzejewski et al., 2009; Schede et al., 2010; Huck et al., 2010 Huck et al., , 2011 .
Therefore the most important factors contributing to the rarity of wolves in WPL between 1975-1997 were as follows: the high intensity hunting efforts both in eastern and western Poland; a large distance to the continuous wolf range in EPL and the dense network of forest roads in WPL allowing easy access of hunters to wolf refuges. Analyses of the hunting database from 1981-1997 revealed that in WPL almost all wolves detected in hunting grounds during winter censuses were included into hunting management plans and harvested. Wolves were also introduced to hunting management plans 'in advance' or shot without planning (Okarma, 1993) . Driven hunts, which are one of the most common methods to hunt ungulates in autumn and winter in Poland, were also used as a good opportunity to spot and kill wolves accidentally scared from hiding by beaters.
The number of wolves annually killed in WPL during the wolf eradication (1956) (1957) (1958) (1959) (1960) (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) and hunting management (1975-1997) periods was similar (2.6 killed wolves/year and 3.0 killed wolves/year, respectively). In cases when groups of wolves were discovered, hunters frequently shot several animals, including breeding pairs, which http://www.aloki.hu • (Nowak and Mysłajek, 2016) . A comparison of historical genetic variability of Scandinavian wolf populations suggested long-distance dispersal in the south of the Scandinavian Peninsula is male-biased (Flagstadt et al., 2003) . Among wolves harvested in WPL during the hunting management period there was a high prevalence of males (78% in our data, and 81.6% according to Bobek et al., 1993) , which suggests a scarcity of females in local populations. The limited number of females would have reduced the probability of finding mates in the low wolf densities of WPL, which together with the high mortality caused by intensive hunting led the local populations to extinction due to Allee effects (Wabakken et al., 2001; Stenglein and van Deelen, 2016) .
Logging roads and unforested pathways together with the irregular network of main forest roads in the forests of WPL (mean density 3.9 km/km 2 and 2.5 km/km 2 , respectively) divide even the largest woodlands into a fine rectangular grid of spatial compartments (500×500 m or 700×350 m) leaving no safe refuges for wolves. Most of these roads are in a straight-line, which helps to see and shoot animals over long distances. Driving or hiking along these roads enables detection of wolves that use roads regularly and leave their visible tracks and scent marks (Zub et al., 2003; Nowak and Mysłajek, 2016) . It was particularly easy when snow cover was present, which was frequent in the 20 th century. In summer finding wolf dens, rendezvous sites and resting sites was facilitated by good visibility in simplified pine monocultures, the short distance from the nearest forest road to the central point of the forest compartment (<350 m), and sandy road surfaces where tracks and scats are well visible. It helped to find wolves at the onset of hunting season (August 1 st ) and then during whole autumn or when snow was absent in winter. Forest roads also enabled hunters to build and use well insulated hunting towers located in front of baiting places, and bring large rolls with fladry when wolves were detected in their daily resting places after snow-tracking along forest roads. Wolf family groups then were surrounded with fladry in the forest compartments scared by beaters and shot by hunters (Okarma and Jędrzejwski, 1997 Our study has shown that subpopulations of wolves living far from a source of immigrants, in areas heavily altered by humans, with good access to the most distant refuges due to a well developed road network should be managed with great care. At the edges of the species' range recreational hunting may have similar effects to intentional eradication, thus cannot be applied without proper analysis of population viability and connectivity with other subpopulations. Similarly, severe wolf hunting in areas that are the only source of immigrants can negatively influence the number and survival of the source-dependent populations. This recommendation is of particular importance in a time when wolves are expanding into regions from which they were extirpated centuries ago, to managed forests heavily transformed by humans (Chapron et al., 2014) , and where local subpopulations still depend on immigration from other areas.
